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Mammals exhibit vast ecological diversity, including a panoply of locomotor
behaviours. The foundations of this diversitywere established in theMesozoic,
but it was only after the end-Cretaceous mass extinction that mammals began
to increase in body size, diversify into many new species and establish the
extant orders. Little is known about the palaeobiology of the mammals that
diversified immediately after the extinction during the Palaeocene, which
are often perceived as ‘archaic’ precursors to extant orders. Here, we investi-
gate the locomotor ecology of Palaeocene mammals using multivariate
and disparity analyses. We show that tarsal measurements can be used to
infer locomotor mode in extant mammals, and then demonstrate that
Palaeocene mammals occupy distinctive regions of tarsal morphospace rela-
tive to Cretaceous and extant therian mammals, that is distinguished by
their morphological robustness. We find that many Palaeocene species
exhibit tarsal morphologies most comparable with morphologies of extant
ground-dwelling mammals. Disparity analyses indicate that Palaeocene
mammals attained similar morphospace diversity to the extant sample. Our
results show that mammals underwent a post-extinction adaptive radiation
in tarsal morphology relating to locomotor behaviour by combining a basic
eutherian bauplan with anatomical specializations to attain considerable
ecomorphological diversity.1. Introduction
Mammals have evolved an array of locomotor behaviours, from cursoriality in
ungulates and branch-swinging in primates, to deep-diving in cetaceans and
powered flight in bats [1]. The foundations of this ecomorphological diversity
were established in the Mesozoic, in a miscellany of species distantly related
to extant crown mammal groups [2]. Following the Cretaceous–Palaeogene
(K-Pg) mass extinctiona at 66 Ma, therian mammals diversified to fill empty
niches, rapidly evolving into new species [3,4] and increasing in body size
[5,6]. It therefore stands to reason that much of the locomotor diversity of
extant mammals emerged during this post-extinction transition, the classic
example upon which the theory of adaptive radiations was developed [7]. How-
ever, relatively little is known about the ecomorphological diversity and
palaeobiology of the mammals that thrived after the extinction.
The nature of mammal diversification following the K-Pg extinction is conten-
tious. Most extant placental mammal orders cannot be traced back in the fossil






































Palaeogene (Palaeocene) saw the proliferation of so-called
‘archaic’ eutherians, largely known from the northern hemi-
sphere fossil record, whose relationships to extant groups are
poorly resolved and whose palaeobiology is difficult to study
because most species are poorly represented, often solely by
teeth, and lack any obvious extant analogues [8]. Palaeocene
eutherians have often been typecast as ‘archaic’ and have con-
founded researchers since the nineteenth century. Historically
they have been regarded as ‘inadaptive forms’ [9], derided as
‘arrested or persistently archaic in structure’ [10]. Some
groups are considered a ‘generalized’ stock from which the
extant placental orders evolved [8,11]. They are critical for
understanding the evolution of mammals as they constituted
a significant proportion of mammal diversity during much of
the first third of the Cenozoic.
Anatomical and functional insights on Palaeocene mam-
mals have previously either been limited to qualitative
inferences [12–15], or focused on a specific extinct taxon
[16–18], or a small and/or closely related sample of extinct
taxa [19,20]. These findings challenge the concept that
Palaeocene mammals were non-specialized generalists and
indicate a wider range of morphological diversity than pre-
viously alluded. However, no study has investigated the
diversity of locomotor ecologies exhibited by a larger sample
of Palaeocene mammals. Locomotion is strongly tied to
many aspects of organismal behaviour and substrate prefer-
ence; it is therefore a valuable ecological proxy for the
selectivity of the K-Pg extinction and subsequent faunal recov-
ery and provides insight into the Cenozoic radiation of
eutherian mammals. Here, we investigate the locomotor ecol-
ogy of Palaeocene eutherians, in comparison to a sample of
Cretaceous cladotherians and extant therian mammals.2. Methods
(a) Dataset
We compiled a dataset comprising 29 tarsal measurements:
17 astragalar and 12 calcaneal (electronic supplementary material,
figure S1). Tarsals allow for accurate locomotor inferences [21,22]
and are commonly preserved as fossils, allowing for the incorpor-
ation of a broad sample of Palaeocene taxa that better encapsulate
a range of morphological diversity. Tarsal measurements were
taken for 85 extant therian mammals representing 20 orders
(electronic supplementary material, dataset S1). We used a
broad extant taxonomic sample, with representatives from every
pertinent extant order, to capture the variations in morphology
associatedwith different locomotor behaviours and reduce phylo-
genetic influence. We compiled data for 40 extinct Palaeocene
eutherian mammals and 5 Cretaceous cladotherian mammals.
Where appropriate fossil taxa were composited to allow them to
be included in the analyses (electronic supplementary material,
dataset S1). A key novelty of our study derives from the broad
taxonomic sample of 40 Palaeocene species, including many
taxa which have not been well-described in the recent literature
or quantitatively analysed. Furthermore, the inclusion of many
Palaeocene taxa allows for quantifiable comparisons and differen-
tiation between taxawithin the functional context provided by the
extant sample and the temporal context provided by including the
Cretaceous taxa. Measurements of extant taxa were taken directly
from specimens using digital callipers. Measurements of extinct
taxa were taken from specimens, photographs and published
literature using ImageJ [23].
Extant taxa were classified into six locomotor groups (loco-
motor definitions and classifications are provided in the electronicsupplementary material). We used tarsal measurements, allowing
us to incorporate a broad sample of Palaeocene taxa, but note that
Palaeocene taxa often exhibit an amalgam of morphologies in
their skeletons [12,13,19,24]. Future studies incorporating other
parts of the skeleton will be informative, as well as combining phy-
logenetic andmultivariate data, allowing for locomotor diversity to
be investigated through the Palaeocene at a finer temporal scale.
(b) Multivariate analyses
It is widely recognized that morphometric shape data can be
strongly correlated with body size [25]. In this study, we are
interested in tarsal shape, minimizing the influence of size. To
achieve this, the data were Box-Cox transformed and sub-
sequently standardized by way of a z-transformation using the
geometric mean (electronic supplementary material, dataset S1).
We conducted principal component analysis (PCA) on the
variance–covariance matrix using the prcomp function in R to
determine the linear combination of variables that maximizes
variance. For the PCA visualization, the data were grouped by
Cretaceous, Palaeocene and extant subsets (additional visualiza-
tion of placental versus marsupial morphospaces are available in
the electronic supplementary material).
Two discriminant analyses (DAs) were conducted in R using
the MASS [26] and klaR packages [27]. Linear discriminants
analysis (LDA) was used to visualize the combination of vari-
ables that maximizes separation among the extant species
when grouped by locomotor mode. The fossil taxa were then
superimposed onto the morphospace based on the criteria for
maximal separation as determined by the extant data. A regular-
ized discriminant analysis (RDA) model was used to predict
fossil locomotor classification. Error rates associated with the
RDA optimization parameters were estimated using cross-
validation and bootstrapping. The principal component (PC)
scores and the discriminant functions (DFs) were exported for
further analyses (electronic supplementary material, dataset S1).
(c) Statistical analyses
We used PERMANOVA tests to assess whether groups were
significantly separated in morphospace. A PERMANOVA test
was run on the 29 PCs derived from the PCA (electronic sup-
plementary material, dataset S1). Taxa were grouped into
Cretaceous, Palaeocene and extant subsets. Additional compari-
sons to assess the separation between Palaeocene species and
extant marsupial and placental mammals are also provided in
the electronic supplementary material. Probability values were
adjusted for multiplicity using the Benjamini and Yekutieli
false discovery rate method [28]. Throughout this study, statisti-
cally significant differences are denoted when p < 0.005, with
p < 0.05 but greater than 0.005 being suggestive of significance.
In addition, we have supplemented all probability values in
this study with an upper Bayes factor or Bayes factor bound
(BFB) (electronic supplementary material, equation 2), data-
based odds representing the strongest case for the alternative
hypothesis relative to the null hypothesis [29–31]. A probability
value of 0.005 corresponds to a BFB of 13.88 (values are in
odds to one, so 13.88 : 1). PERMANOVA tests were also run
using the same protocol on the DFs for the extant locomotor
groups and for the Palaeocene taxa, divided into a locomotor
group according to the RDA classification. Calculations were
conducted in R using the ‘pairwiseAdonis’ package [32].
We assessed the effects of phylogeny on the extant taxa
included in our morphospaces using Blomberg’s K statistic. We
were not able to include the extinct taxa in this assessment
given the lack of well-resolved phylogeny for Palaeocene euther-
ians. We downloaded 10 000 birth-death node-dated trees from
thewww.vertlife.org database for our sample of extant mammals.






































package in R [33] (electronic supplementary material, dataset S2).
Blomberg’s K statistic was then calculated for the first three axes of
the PC and DF morphospaces using the phylosig function in the
phytools package [34]. Probability values were calculated with
100 000 randomizations. A statistically insignificant phylogenetic
signal along an axis is expected when p < 0.005 (the phylogenetic
and multivariate data are significantly different).
(d) Disparity analyses
We used the PCs and DFs to calculate morphological disparity.
Taxawere grouped into Cretaceous, Palaeocene and extant subsets
(additional placental versus marsupial comparisons are available
in the electronic supplementary material). We quantified morpho-
space occupation using the sum of ranges (= overall spread of
species in morphospace), the sum of variances (= average dissimi-
larity among species in morphospace relative to the group mean)
and mean pairwise distance (= average density of species in
morphospace relative each other). Disparity metrics, for all 29 PC
axes and 5 DF axes, were calculated in R using the ‘dispRity’ pack-
age v. 1.41 (electronic supplementary material, dataset S3) [35].
To allow for between-group comparisons, the data were boot-
strapped with 200 pseudoreplicates [36], and confidence intervals
were generated for disparity within each subset. To mitigate
sampling biases, the data were fully rarefied at all sample sizes
between the minimum and maximum number of taxa in the
group, and the mean of those values was taken.
Three statistical tests were used to compare disparity across
groups. A Wilcoxon rank-sum test with pairwise comparisons
was used to assess whether group mean ranks differ. The
Bhattacharyya coefficient was calculated with pairwise compari-
sons to quantify the probability of overlap between group
distributions. Both tests were conducted in R using the ‘dispRity’
package. Finally, we used permutation tests to further assess
whether the difference in disparity values between groups was
statistically significant (electronic supplementary material, data-
set S4). The test calculates the statistical significance of the
difference between the observed disparity of the two groups
under consideration (calculated without resampling) and the
expected disparity (empirical mean of 10 000 resampled disparity
values) of the two groups, so as to stringently account for
differences in sample size [37]. Calculations were conducted in
R. Each disparity metric was calculated as before, but without
resampling, using the ‘dispRity’ package.
The full rationale for our methods is provided in the
electronic supplementary material.3. Results
(a) Multivariate analyses
PCA ordinated our mammal sample into a morphospace
with the first three axes accounting for 45.36% of the total
variance (figure 1; electronic supplementary material, figures
S4–S8 and tables S2–S3). The PCA maximizes variance
between all species based on their tarsal morphology, with
the morphospaces illustrating how Palaeocene taxa differ
from extant and Cretaceous taxa.
PC1 (21.40% of the total variance) arrays taxa along a spec-
trum of decreasing tarsal robustness and increasing tarsal
stability. Tarsal robustness is captured by the mediolateral
proportions of the astragalus and calcaneum. Tarsal stability
relates to the loss of rotational movement between the astraga-
lus and calcaneum from low to high PC1 scores. A detailed
description of the measurements and functional inferences
for the first three PC axes is provided in the electronic sup-
plementary material, figures S4–S8. PC2 (12.46%) arrays taxaby increasing capability of multiaxial movement at the cruro-
pedal joint coupled with less efficient but more rapid lever
action of the calcaneum. PC3 (11.50%) arrays taxa by how
loads are dissipated through the tarsus with decreasing PC3
values being associated with more equal weight distribution
through the ectal and sustentacular facets.
Relative to the extant sample, Palaeocene species are
widely dispersed in PC morphospace (figures 1 and 2). They
are differentiated from extant placental mammals in that
they possess a comparatively more robust and mobile astraga-
localcaneal articulation (electronic supplementary material,
figures S4–S8). In this regard, they are more similar to our
extant marsupial sample. The Palaeocene taxa differ from
the extant marsupials by possessing a variably mobile to
more stable cruropedal joint and a range of relative ectal and
sustentacular facet proportions more comparable to the
extant placental sample.
Statistical tests of PCmorphospace separation demonstrate
that Palaeocene taxa are significantly separated from the
extant taxa and the Cretaceous species across all 29 PC axes
(PERMANOVA p = 0.0005 [BFB = 89.12] and 0.0045 [BFB =
14.91], respectively) (electronic supplementary material,
table S4). Furthermore, the Cretaceous species are significantly
separated from the extant sample (PERMANOVA p = 0.0008,
BFB = 62.81). The Palaeocene sample is also statistically separ-
ated from the extant sample when the extant sample is
differentiated into marsupial and placental species (PERMA-
NOVA p < 0.005) (electronic supplementary material, table
S5). The Cretaceous sample, however, is not well separated
from the extant marsupial sample (PERMANOVA p = 0.018,
BFB = 5.00). Our PCmorphospace contains no significant phy-
logenetic signal (PC1 K = 0.0985, p = 0.00005 [BFB = 3195.36],
PC2 K = 0.0651, p = 0.00149 [BFB = 37.93], PC3 K = 0.0860,
p = 0.0004 [BFB = 399.42]).
DA with extant taxa grouped by locomotor mode
ordinated Cretaceous, Palaeocene and extant species intomor-
phospace, with the first three axes accounting for 91.90% of the
total variance (figure 1; electronic supplementary material,
figures S9–S11 and table S6). The DF morphospace differs to
the PC morphospace in that the extant taxa are ordinated
with the supervised input of their predetermined locomotor
mode. In ordinating the extinct species to best fit the extant
data, the DA effectively demonstrates which tarsal mor-
phologies are comparable between Palaeocene and extant
mammals with less emphasis on how they differ.
DF1 (67.02% of the total variance) arrays taxa by
morphologies concomitant with stance. Low DF scores are
associated with a fully plantigrade stance, progressing
through a heel-elevated stance to digitigrady and unguligrady
as DF values increase. A detailed description of the measure-
ments and functional inferences for the first three DF axes is
provided in the electronic supplementary material, figures
S9–S11. DF2 (16.92%) captures the force and speed capability
of the lever action of the calcaneum with the astragalus
at the cruropedal joint with movements increasing from
a relatively more rapid but less forceful lever at the low end
of DF2 towards more forceful and efficient movements at
the higher end of DF2. DF3 (7.96%) arrays taxa by rotational
movement between the astragalus and calcaneum from
habitual eversion (low DF3 scores) through to habitual
inversion (high DF3 scores). This axis is similar to PC1 but
differs in that morphologies associated with habitual eversion






























































































Figure 1. Morphospace occupation of Palaeocene mammals relative to extant and Cretaceous mammals derived from tarsal measurements. (a) PC1 versus PC2, (b)
DF1 versus DF2, (c) PC1 versus PC3, (d ) DF1 versus DF3, (e) PC2 versus PC3 and ( f ) DF2 versus DF3. Extant species are denoted by circular datapoints, extinct species
are denoted by diamond datapoints. In PC morphospace, taxa are grouped by time subset with Cretaceous (red), Palaeocene (yellow) and extant (blue) groups.
Exemplar tarsals: Alouatta (1), Didelphis (2), Eira (3), Equus (4), Hexaprotodon (5), Hystrix (6), Odocoileus (7), Thylacinus (8), Ursus (9). In DF morphospace, extant
taxa are grouped by locomotor mode: arboreal (dark-green), cursorial ( purple), scansorial (yellow-green), semi-aquatic (light-blue), semi-fossorial (light-pink) and






































morphospace contains limited significant phylogenetic signal
(DF1 K = 0.145, p = 0.00001 [BFB = 3195.36], DF2 K = 0.073,
p = 0.00059 [BFB = 83.85], DF3 K = 0.0612, p = 0.00588 [BFB =
12.18]). DF1 and DF2 contain no substantial phylogenetic
influence. DF3, which accounts for 7.96% of the total variance
contains a low but not insubstantial phylogenetic signal.
Relative to the extant sample, Palaeocene mammals are
widely dispersed in DF locomotor morphospace, occupying
and extending beyond all sampled extant locomotor regions,
with the exception of the extant cursorial group (figures 1
and 2; electronic supplementary material, figure S11). Gener-
ally, they are more heavily concentrated in areas of
DF morphospace associated with a plantigrade to heel-elevated stance and forceful pedal movements. They are
widely distributed along DF3 indicating a range of medial to
lateral movement and loading through the astragalus and
calcaneum.
RDA classifies 91.765% of extant species correctly into pre-
determined locomotor groups, thus validating the tarsal
dataset as a practical proxy for inferring locomotormode (elec-
tronic supplementarymaterial, tables S7–S9). Cross-validation
and bootstrapping of the optimization parameters result in
greater average misclassification rates with a 42.125% and
47.869% misclassification rate, respectively. However, incor-
rect classifications are explained by overlapping locomotor
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Figure 2. Morphospace occupation of Palaeocene mammals with locomotor group as predicted by the RDA (a) PC1 versus PC2, (b) DF1 versus DF2, (c) PC1 versus
PC3, (d ) DF1 versus DF3, (e) PC2 versus PC3 and ( f ) DF2 versus DF3. Exemplar tarsals: Arctocyon (1), Cardonia (2), Colbertia (3), Ectoconus (4), Goniacodon (5),
Orthaspidotherium (6), Pachyaena (7), Periptychus (8), Procerberus (9), Tetraclaenodon (10). Datapoint coloration corresponds to inferred locomotor mode: arboreal
(dark-green), cursorial ( purple), scansorial (yellow-green), semi-aquatic (light-blue) and semi-fossorial (light-pink), terrestrial (hot-pink) (see electronic supplemen-






































values (electronic supplementary material, tables S7–S9). We
used the RDA model to predict the locomotor modes of the
extinct mammals in our dataset (figure 2; electronic sup-
plementary material, figure S12 and table S10). A plurality of
the Palaeocene species was classified as terrestrial (19) and
semi-fossorial (13). The remaining Palaeocene species
were inferred to be arboreal (9 species) and scansorial (4).
Within the Palaeocene sample, there is variable statistical
separation in DF morphospace between extinct taxa
grouped by their inferred locomotor behaviour, indicating
that these groups have somewhat distinctive morphologies
(figure 2; electronic supplementary material, figure S12 and
table S13). It is worth noting that these distinctions are notas numerically significant as those found between the equival-
ent extant locomotor groups (electronic supplementary
material, table S15).
In sum, the PCA demonstrates that Cretaceous, Palaeo-
cene and extant mammals (as a whole and when
differentiated into marsupials and placentals) all have distinc-
tive tarsal morphologies. Despite their distinctiveness in PC
morphospace, the LDA visualization and RDA classification
show that the fossil species share similar tarsal functions to
extant mammals in terms of stance and movement and load-
ing through the tarsus but are often exploiting locomotor
strategies using different combinations of morphologies dis-
tinguished by their underlying robustness. These unusual
40
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Cretaceous Palaeocene extant PalaeoceneCretaceous extant
Figure 3. Morphological disparity calculated for PC and DF scores with Cretaceous (red), Palaeocene (yellow), extant (blue) and 95% confidence intervals. (a) PC







































anatomical combinations are defined by their robustness and
lack of stability, as illustrated by the PC morphospace.(b) Disparity analyses
Palaeocene mammals have considerable morphological
disparity in their tarsals (figure 3). Statistical tests of PC
morphospace occupation (WRS tests and Bhattacharyya
coefficients on sum of ranges disparity values) show that
Palaeocene taxa occupy a significantly smaller area of PCmor-
phospace compared to our extant sample, but a larger area
compared to Cretaceous forms, with a little statistical overlap
in their distributions (figure 3a; electronic supplementary
material, table S14). However, when tested further with a per-
mutation test that more stringently accounts for sample size
differences and distributions, Palaeocene taxa do not occupy
a significantly smaller area of PC morphospace compared to
the extant sample (electronic supplementary material, table
S14 and figure S16). The permutation result for the Palaeocene
versus Cretaceous comparison also does not support a statisti-
cally significant difference between these two groups ( p <
0.005; electronic supplementary material, table S14 and
figure S16). When PC morphospace occupation is quantified
using the sum of variance disparity to describe dissimilarity
within groups relative to their mean, Palaeocene taxa exhibit
lower average disparity than both the extant and Cretaceous
mammals (figure 3b; electronic supplementary material,
table S14). However, no comparisons are statistically signifi-
cant when subjected to permutation tests (electronic
supplementary material, table S14 and figure S16). When PC
morphospace occupation is quantified using mean pairwise
distances to describe average dissimilarity within groups as
a measure of datapoint density, Palaeocene taxa exhibitmarginally greater average dissimilarity compared to Cretac-
eous taxa and marginally lower average dissimilarity
compared to the extant sample (figure 3c; electronic sup-
plementary material, table S14). The results of the WRS
indicate a significant difference between the group means
(with the exception of the Palaeocene versus Cretaceous com-
parison); however, the permutation tests do not maintain this
significance (electronic supplementary material, table S14).
Statistical tests of observed DF morphospace occupation
(WRS and Bhattacharyya coefficients on the sum of ranges dis-
parity values sum of ranges disparity) show that Palaeocene
taxa occupya significantly larger area ofDFmorphospace com-
pared to both Cretaceous and extant mammals sampled
(figure 3d; electronic supplementarymaterial, table S14). A per-
mutation test on the Palaeocene versus extant comparison also
supports this finding (electronic supplementary material, table
S14 and figure S17). The sum of variance disparity shows
Palaeocene taxa exhibit the highest dissimilarity within
groups relative to their mean compared to both the extant and
Cretaceous mammals sampled (WRS p < 0.005; figure 3e; elec-
tronic supplementary material, table S14). However, the
permutation test does not find the difference between Palaeo-
cene and extant mammals to be statistically significant
(electronic supplementary material, table S14 and figure S17).
Palaeocene mammals also exhibit the highest disparity when
quantified using mean pairwise distances (WRS p < 0.005;
figure 3f; electronic supplementary material, table S14). The
Palaeocene versus extant comparison is again statistically sig-
nificant when subjected to a permutation test (electronic
supplementary material, table S14 and figure S17).
These disparity trends are largely upheldwhen comparing
the Palaeocene sample to the extant placental sample (elec-




































table S15). However, the extant marsupial sample is less
spread out in PC and DF morphospace (lower sum of range
disparity values) and exhibits high dissimilarity between
forms (variance disparity) in PC morphospace following
appropriate adjustment for sampling.publishing.org/journal/rspb
Proc.R.Soc.B
288:202103934. Discussion
The Palaeocene followed a catastrophic mass extinction and
the abolition of complex and highly structured ecosystems
dominated by dinosaurs, and heralded the beginning of the
Age of Mammals. The Palaeocene mammal fauna is often
perceived from two philosophical standpoints. On the one
hand, it is the product of classic adaptive radiation marked
by the proliferation of eutherian mammals more ‘advanced’
than their Cretaceous antecedents [5,7,38]. On the other
hand, many Palaeocene mammals have been regarded as
‘primitive’ and ‘archaic’ forms compared with their extant
relations, a view especially prominent in the historical litera-
ture [9–11]. Seldom are Palaeocene mammal fauna
considered on their own objective merit.
Our results show that the prevailing archaic typecast of
Palaeocene mammals is a misconception. Instead, Palaeocene
mammals are characterized by robust limb proportions com-
pared to extant mammals (electronic supplementary material,
figure S24 and dataset S5) and occupy their own distinct area
in PC morphospace defined by morphologies that are rela-
tively more mobile, but were also experimenting with more
efficient and forceful tarsal movements as shown in the
DF morphospace (figures 1 and 2; electronic supplementary
material, figures S4–S11). We hypothesize that the distinctive
robustness of Palaeocene mammals is related to a lack of
prominent osseous stabilizers in their joint anatomy (e.g. rela-
tively weak to little trochleation of the astragalus in animals
considered to be otherwise more terrestrially adapted, lack
of tightly interlocking articulations). Instead they were more
reliant on soft tissues to stabilize their joints, which is often
manifested by prominent soft tissue attachment areas (e.g.
[12,13,17,24]). This feature of stabilizing through soft tissues
may have resulted from, and been beneficial to, rapid evol-
ution of larger body sizes and novel proportions to exploit
empty ecospace following the K-Pg mass extinction. Further-
more, it is the subsequent development of osseous stabilizers
in the mostly post-Palaeocene members of waning ‘archaic’
and emergent extant orders that provide key phylogenetic
characters that readily diagnose and differentiate taxa, such
as the double pulley astragalus of Artiodactyla [39]. This par-
tially explains why the phylogeny of Palaeocene taxa has
been so difficult to resolve.
Palaeocene mammals exhibited a high diversity of tarsal
morphologies, as shown by their notable range of morpho-
space occupation when visualized using both PCA and DA
ordination techniques (figures 1 and 2). Our results show Cre-
taceous cladotherians included in our sample were restricted
to somewhat smaller and separate regions of morphospace
and are inferred to have been arboreal or terrestrial (electronic
supplementary material, table S10). This contrasts with
the greater variety of locomotor styles of non-cladotherian
Mesozoic mammals with which cladotherians likely com-
peted [2,40,41]. Following the K-Pg mass extinction,
eutherians diversified in the Palaeocene, resulting in a greater
morphospace occupation and an increase in observed rangedisparity (figure 3; electronic supplementary material, figures
S15–S23). These disparity comparisons are limited by the
small Cretaceous sample available, although this limitation
may not entirely be the result of sampling bias but simply
reflect the observed increase in species richness after the
extinction [3]. Furthermore, the distribution of the sample of
Cretaceous species in PC and DF morphospace, although
constrained compared to Palaeocene and extant mammals in
terms of size (range disparity), still indicates considerable
tarsal shape diversity (variance disparity) and differing loco-
motor strategies within similar niches (figure 3; electronic
supplementary material, figures S15–S23).
We hypothesize that the increase in the spread of taxa in
morphospace (sum of range disparity), from the Cretaceous
into the Palaeocene, was the consequence of a post-extinction
adaptive radiation. This inference is consistent with trends of
increasing species richness and a greater range of body sizes
in Palaeocene mammals [3–6], although changes in dietary
ecology may have been delayed until the Eocene [3,42].
Given the resolution of our study, we are unable to determine
whether the increase in locomotor disparity occurred sud-
denly after the extinction or more gradually across the
Palaeocene. However, the wide dispersion of Puercan-aged
species (66.043–63.3 Ma) in morphospace suggests that loco-
motor diversification was an early-burst trait (figure 2;
electronic supplementary material, figure S12 and dataset S1).
Observed variance disparity does not show the same
increase from the Cretaceous in the Palaeocene as range dis-
parity (figure 3; electronic supplementary material, figure
S15–S23). This disjunction implies that mammals attained
diversity in tarsal shape prior to the extinction, during the Cre-
taceous, and although they may have been exploiting similar
(and/or fewer) niches (electronic supplementary material,
table S10), they were doing so in different ways. We note that
although our data has been corrected for sampling bias, there
may be a phylogenetic and temporal component to this diver-
sity, but the lack of fossil material limits further investigation
at present. Following the K-Pg mass extinction, mammals
evolved from a bottleneck [43–45] and underwent a shift in
tarsal shape morphology, increasing their spread (range) in
tarsal shapemorphospace but to a lesser extent their dissimilar-
ity (variance).
When comparing the results of the disparity analysis on
the PC versus the DF scores, the Palaeocene group exhibits
higher DF disparity compared to the PC data (figure 3; elec-
tronic supplementary material, figure S15). Differences in
tarsal morphology between the Palaeocene and our extant
mammal samples, as exemplified by the PCA, result in the
DA plotting a substantial number of the Palaeocene species
on the periphery of the extant data or as statistical outliers
(figure 1; electronic supplementary material, table S16) result-
ing in higher disparity values. This distribution is explained
by Palaeocene species co-opting unusual morphologies
defined by a robust but mobile tarsus but with adaptations
towards more efficient movement, which is different to both
extant placental and marsupial mammals. We use an RDA
to predict locomotor groups for the Palaeocene species based
on their tarsal morphology, but do not intend for these classi-
fications to be definitive given how divergent some of the
Palaeocene tarsal morphologies are (electronic supplementary
material, table S16). They do, however, provide a quantitative
means for inferring tarsal function based on explicit compari-






































should be taken in conjunction with our morphospaces and
the existing literature (electronic supplementary material,
table S17). See our electronic supplementary material for
further discussion on fossil classifications.
A substantial number of Palaeocene taxa were classified
as terrestrial (20 species) or semi-fossorial (16 species) by
the RDA (figure 2; electronic supplementary material,
figure S12 and table S10) which raises two hypotheses.
Given the predictive capability of the RDA model, there is
a reasonable likelihood that ground-dwelling locomotor strat-
egies were key adaptive traits for surviving and thriving after
the extinction. Burrowing capabilities were probably advan-
tageous for surviving the initial impact [46]. Furthermore,
palaeobotanical records of the K-Pg event show an approxi-
mately 50% loss in plant diversity over the extinction
boundary and a fern spike in the interval immediately follow-
ing the impact [47,48], indicating a substantial reduction of
arboreal habitat which may have favoured more ground-
dwelling mammals while the flora recovered. It is therefore
plausible that following the extinction, Palaeocene mammals
diversified from a small, ground-dwelling bauplan (retaining
some traits of that morphotype) into a range of morphologi-
cally robust forms under the unique selective pressures of the
Palaeocene environment [49–51]. Note that this hypothesis of
a robust post-extinction survivor morphotype is decoupled
from the concept of the primitive eutherian condition mor-
photype (a small, scansorial to arboreal insectivore that
lived prior to the K-Pg mass extinction) [52,53].
Alternatively, given the uncertainty of the predictive
model used to classify the fossil taxa, the tarsal morphologies
of the Palaeocene mammals sampledmight have been conver-
gent with extant terrestrialists and semi-fossors because they
are similarly morphologically robust, and therefore the
Palaeocene species may not have necessarily exhibited similar
locomotor behaviours. When comparing the distribution of
extant versus Palaeocene locomotor groups in morphospace
there is a substantial separation between extinct and extant
mammals when grouped by locomotor behaviour. For
example, Palaeocene taxa classified as terrestrial are signifi-
cantly separated from extant terrestrial mammals in both PC
and DF morphospace (PERMANOVA p < 0.005; electronic
supplementary material, figures S13–S14 and table S13). In
this scenario that Palaeocene species exhibit convergent mor-
phologies with extant terrestrialists and semi-fossors, it
might have been the robust morphologies themselves and
associated reliance on soft tissues for joint stabilization
that promoted survival and diversification around the extinc-
tion. This trait of morphological robustness might also not
have been unique to eutherians. Other mammal clades,
specifically the morphologically robust multituberculates but
also monotremes, metatherians and gondwanatheres, sur-
vived and radiated following the K-Pg extinction event
[44,54,55]. Testing the survivorship of morphologically
robust mammals using homologous robusticity metrics
would be an informative avenue for future work to under-
stand the complexity of faunal recovery following the K-Pg
mass extinction, but currently would likely be impeded by a
limited fossil record.
We hypothesize that reliance on soft tissues for joint
stabilization may have been physiologically beneficial to
eutherians during the Palaeocene. Soft tissue-stabilized
joints could be adapted more rapidly to meet functional
requirements of movement given that post-natal myogenesisparallels embryonic development allowing for the functional
development of soft tissue [56], whereas post-natal osteo-
genesis is restricted to remodelling without the functional
development of stabilizing features [57]. Myological modifi-
cations would have likely favoured the development of
osteological adaptations over time; however, adaptable, soft
tissue-stabilized joint anatomies may have been advan-
tageous for survival during an adaptive radiation (in
conjunction with other physiological and adaptive traits
such as changes in growth and body size and exploitation
of new dietary niches, [3,6]).
Overall, Palaeocene mammals exploited a considerable
area of PC and DF morphospace compared to extant mam-
mals. This finding is particularly notable because the
Palaeocene was dominated by a more homogeneous global
environment than the present day, with subtropical and tropi-
cal rainforest biomes extending to high latitudes [49–51]. The
high morphological disparity in these more globally uniform
ecosystems emphasizes the intensity of the adaptive radiation
that was unfolding. Following the Palaeocene–Eocene
thermal maximum, the diversity of habitats increased in
concert with the development of increasingly drier and
cooler climates and more open and fragmented landscapes
[51,58]. Over time, this environmental change may have
been less conducive to the survivorship of robust mammals
adapted to dense tropical forest environments, perhaps
explaining why many Palaeocene groups succumbed to
extinction.
In summary, Palaeocene mammals are significantly dis-
similar from both Cretaceous and extant mammals in their
skeletal robusticity and tarsal morphology and exhibit a high
disparity of locomotion-related tarsal morphologies, thus
indicating considerable ecomorphological diversity. Far
from being generalized ancestral stock for extant mammal
orders, Palaeocene mammals were experimenting with tarsal
anatomies, combining a basic placental bauplan [59] with
numerous specializations, which exemplifies the ability
of mammals to adapt and evolve following catastrophic
environmental upheaval.
Data accessibility. Data is provided as part of the electronic supplemen-
tary material. These include: Electronic Supplementary Material PDF
containing supplementary text, figures and tables. Dataset S1 Tarsal
Dataset. Separate file formatted as an Excel file (.xlsx) and includes
four sheets: sheet 1, tarsal measurements and associated metadata;
sheet 2, Z-transformed tarsal data; sheet 3, Principal Component
scores; sheet 4, Discriminant Function scores. Dataset S2: Phyloge-
netic dataset. Separate file formatted as a Nexus file (.nex)
containing the 50% majority-rule consensus tree derived from the
10 000 birth-death node dated trees downloaded from the www.ver-
tlife.org database. Dataset S3: Disparity code. Separate file formatted
as Rez source code for opening in R or as a text file and includes the
disparity code used in this study. Dataset S4: Permutation code. Sep-
arate file formatted as Rez source code for opening in R or as a text
file and includes the permutation code used in this study. Dataset
S5 Regression Dataset. Separate file formatted as an Excel file
(.xlsx) and includes three sheets: sheet 1, humerus robustness index
values; sheet 2, femur robustness index values; sheet 3, calcaneum
robustness index values.
Authors’ contributions. S.L.S.: conceptualization, data curation, formal
analysis, investigation, methodology, resources, visualization, writ-
ing-original draft, writing-review and editing; S.L.B.: methodology,
supervision, writing-review and editing; T.E.W.: resources, supervi-
sion, writing-review and editing
All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.




































Funding. This study was funded by Marie Curie Career Integration
Grant, Natural Environment Research Council, National Science
Foundation (DEB 1654949, DEB 1654952 and EAR 1325544) and
H2020 European Research Council (PalM 756226).
Acknowledgements. We thank C. Argot, J. Galkin, A. Millhouse and
Z. Timmons for access to specimens. Thanks also go to the reviewerswho provided helpful feedback on previous versions of this manuscript
which greatly improved the final version. We also thank J. Wible for con-
structive comments and discussion and P. dePolo and Z. Kynigopoulou
for assistance with data collection. We would also like to acknowledge
and thank www.phylopic.org for providing content used in our figures;
individual credits are provided in the supplementary PDF.ublishing.orgReferences /journal/rspb
Proc.R.Soc.B
288:202103931. Nowak RM. 1999 Walker’s mammals of the world.
Baltimore, MD: Johns Hopkins University Press.
2. Luo Z-X. 2007 Transformation and diversification in
early mammal evolution. Nature 450, 1011–1019.
(doi:10.1038/nature06277)
3. Grossnickle DM, Newham E. 2016 Therian mammals
experience an ecomorphological radiation during
the Late Cretaceous and selective extinction at the
K–Pg boundary. Proc. R. Soc. B 283, 20160256.
(doi:10.1098/rspb.2016.0256)
4. Meredith RW et al. 2011 Impacts of the Cretaceous
terrestrial revolution and KPg extinction on
mammal diversification. Science 334, 521–524.
(doi:10.1126/science.1211028)
5. Alroy J. 1999 The fossil record of North American
mammals: evidence for a Palaeocene evolutionary
radiation. Syst. Biol. 48, 107–118. (doi:10.1080/
106351599260472)
6. Slater GJ. 2013 Phylogenetic evidence for a shift in
the mode of mammalian body size evolution at the
Cretaceous-Palaeogene boundary. Methods Ecol.
Evol. 4, 734–744. (doi:10.1111/2041-210X.12084)
7. Osborn HF. 1902 The law of adaptive radiation. Am.
Nat. 36, 353–363. (doi:10.1086/278137)
8. Rose KD. 2006 The beginning of the age of mammals.
Baltimore, MD: Johns University Hopkins Press.
9. Matthew WD. 1909 The Carnivora and Insectivora of
the Bridger basin, middle Eocene. Mem. AMNH 9,
289–576.
10. Osborn HF. 1898 Evolution of the Amblypoda. Part
1, Taligrada and Pantodonta. Bull. Am. Mus. Nat.
Hist. 10, 169–218.
11. Van Valen LM. 1978 The beginning of the age of
mammals. Evol. Theory 4, 45–80.
12. Argot C. 2013 Postcranial analysis of a Carnivoran-
like archaic ungulate: the case of Arctocyon
primaevus (Arctocyonidae, Mammalia) from the
Late Palaeocene of France. J. Mamm. Evol. 20,
83–114. (doi:10.1007/s10914-012-9198-x)
13. Muizon C de, Billet G, Argot C, Ladevèze S,
Goussard F. 2015 Alcidedorbignya inopinata, a basal
pantodont (Placentalia, Mammalia) from the early
Palaeocene of Bolivia: anatomy, phylogeny and
palaeobiology. Geodiversitas 37, 397–634. (doi:10.
5252/g2015n4a1)
14. Szalay FS, Lucas SG. 1996 The postcranial
morphology of Palaeocene Chiacus and Mixodectes
and the phylogenetic relationships of archontan
mammals. New Mex. Mus. Nat. Hist. Sci. Bull. 7,
1–47.
15. Williamson TE, Brusatte SL. 2013 New specimens of
the rare taeniodont Wortmania (Mammalia:
Eutheria) from the San Juan Basin of New Mexicoand comments on the phylogeny and
functional morphology of ‘archaic’ mammals.
PLoS ONE 8, e75886. (doi:10.1371/journal.pone.
0075886)
16. Chester SGB, Bloch JI, Boyer DM, Clemens WA. 2015
Oldest known euarchontan tarsals and affinities of
Palaeocene Purgatorius to Primates. Proc. Natl Acad.
Sci. 112, 1487–1492. (doi:10.1073/pnas.1421707112)
17. Chester SGB, Williamson TE, Bloch JI, Silcox MT, Sargis
EJ. 2017 Oldest skeleton of a plesiadapiform provides
additional evidence for an exclusively arboreal
radiation of stem primates in the Palaeocene. R. Soc.
Open Sci. 4, 170329. (doi:10.1098/rsos.170329)
18. Manz CL, Chester SGB, Bloch JI, Silcox MT, Sargis EJ.
2015 New partial skeletons of Palaeocene
Nyctitheriidae and evaluation of proposed
euarchontan affinities. Biol. Lett. 11, 20140911.
(doi:10.1098/rsbl.2014.0911)
19. Gould FDH, Rose KD. 2014 Gnathic and postcranial
skeleton of the largest known arctocyonid
‘condylarth’ Arctocyon mumak (Mammalia,
Procreodi) and ecomorphological diversity in
Procreodi. J. Vertebr. Paleontol. 34, 1180–1202.
(doi:10.1080/02724634.2014.841707)
20. MacLeod N, Rose KD. 1993 Inferring locomotor
behaviour in paleogene mammals via eigenshape
analysis. Am. J. Sci. 293, 300–355. (doi:10.2475/ajs.
293.A.300)
21. Bassarova M, Janis CM, Archer M. 2009 The
calcaneum—on the heels of marsupial locomotion.
J. Mamm. Evol. 16, 1–23. (doi:10.1007/s10914-008-
9093-7)
22. Ginot S, Hautier L, Marivaux L, Vianey-Liaud M.
2016 Ecomorphological analysis of the astragalo-
calcaneal complex in rodents and inferences of
locomotor behaviours in extinct rodent species.
PeerJ 4, e2393. (doi:10.7717/peerj.2393)
23. Schneider CA, Rasband WS, Eliceiri KW. 2012 NIH
Image to ImageJ: 25 years of image analysis. Nat.
Methods 9, 671–675. (doi:10.1038/nmeth.2089)
24. Shelley SL, Williamson TE, Brusatte SL. 2018 The
osteology of Periptychus carinidens: a robust,
ungulate-like placental mammal (Mammalia:
Periptychidae) from the Palaeocene of North
America. PLoS ONE 13, e0200132. (doi:10.1371/
journal.pone.0200132)
25. Klingenberg CP. 1996 Multivariate allometry. In
Advances in morphometrics (eds LF Marcus, M Corti,
A Loy, GJP Naylor, DE Slice), pp. 23–49. Boston,
MA: Springer US.
26. Ripley B, Venables B, Bates DM, Hornik K, Gebhardt
A, Firth D, Ripley MB. 2013 Package ‘mass’. Cran R
538, 113–120.27. Roever C, Raabe N, Luebke K, Ligges U, Szepannek
G, Zentgraf M, Ligges MU, SVMlight S. 2020
Package ‘klaR’.
28. Benjamini Y, Yekutieli D. 2001 The control of the
false discovery rate in multiple testing under
dependency. Ann. Stat. 29, 1165–1188. (doi:10.
1214/aos/1013699998)
29. Held L, Ott M. 2018 On p-values and Bayes factors.
Annu. Rev. Stat. Appl. 5, 393–419. (doi:10.1146/
annurev-statistics-031017-100307)
30. Benjamin DJ et al. 2018 Redefine statistical
significance. Nat. Hum. Behav. 2, 6–10. (doi:10.
1038/s41562-017-0189-z)
31. Benjamin DJ, Berger JO. 2019 Three
recommendations for improving the use of p-
values. Am. Stat. 73, 186–191. (doi:10.1080/
00031305.2018.1543135)
32. Martinez AP. 2019 pairwiseAdonis: pairwise
multilevel comparison using adonis. R package
version 0.3.
33. Paradis E, Claude J, Strimmer K. 2004 APE: analyses
of phylogenetics and evolution in R language.
Bioinformatics 20, 289–290. (doi:10.1093/
bioinformatics/btg412)
34. Revell LJ. 2012 phytools: an R package for
phylogenetic comparative biology (and other
things). Methods Ecol. Evol. 3, 217–223. (doi:10.
1111/j.2041-210X.2011.00169.x)
35. Guillerme T. 2018 dispRity: a modular R package for
measuring disparity. Methods Ecol. Evol. 9,
1755–1763. (doi:10.1111/2041-210X.13022)
36. Navarro N. 2003 MDA: a MATLAB-based program for
morphospace-disparity analysis. Comput. Geosci. 29,
655–664. (doi:10.1016/S0098-3004(03)00043-8)
37. Brusatte SL, Lloyd GT, Wang SC, Norell MA. 2014
Gradual assembly of avian body plan culminated in
rapid rates of evolution across the dinosaur-bird
transition. Curr. Biol. 24, 2386–2392. (doi:10.1016/
j.cub.2014.08.034)
38. Halliday TJD, Upchurch P, Goswami A. 2017
Resolving the relationships of Palaeocene placental
mammals. Biol. Rev. 92, 521–550. (doi:10.1111/
brv.12242)
39. Gingerich PD, ul Haq M, Zalmout IS, Khan IH,
Malkani MS. 2001 Origin of whales from early
artiodactyls: hands and feet of Eocene Protocetidae
from Pakistan. Science 293, 2239–2242. (doi:10.
1126/science.1063902)
40. Kielan-Jaworowska Z, Cifelli RL, Luo Z-X. 2004
Mammals from the Age of dinosaurs. New York, NY:
Columbia University Press.
41. Chen M, Wilson GP. 2015 A multivariate






































mammals. Paleobiology 41, 280–312. (doi:10.1017/
pab.2014.14)
42. Benevento GL, Benson RBJ, Friedman M. 2019
Patterns of mammalian jaw ecomorphological
disparity during the Mesozoic/Cenozoic transition.
Proc. R. Soc. B 286, 20190347. (doi:10.1098/rspb.
2019.0347)
43. Pires MM, Rankin BD, Silvestro D, Quental TB. 2018
Diversification dynamics of mammalian clades
during the K–Pg mass extinction. Biol. Lett. 14,
20180458. (doi:10.1098/rsbl.2018.0458)
44. Wilson GP. 2013 Mammals across the K/Pg boundary
in northeastern Montana, USA: dental morphology
and body-size patterns reveal extinction selectivity
and immigrant-fueled ecospace filling. Paleobiology
39, 429–469. (doi:10.1666/12041)
45. Smith SM, Sprain CJ, Clemens WA, Lofgren DL,
Renne PR, Wilson GP. 2018 Early mammalian
recovery after the end-Cretaceous mass extinction: a
high-resolution view from McGuire Creek area,
Montana, USA. Geol. Soc. Am. Bull. 130,
2000–2014. (doi:10.1130/B31692.1)
46. Robertson DS, Lewis WM, Sheehan PM, Toon OB.
2013 K-Pg extinction: reevaluation of the heat-fire
hypothesis. J. Geophys. Res. Biogeosci. 118,
329–336. (doi:10.1002/jgrg.20018)47. Wilf P, Johnson KR. 2004 Land plant extinction at
the end of the Cretaceous: a quantitative analysis of
the North Dakota megafloral record. Paleobiology
30, 347–368. (doi:10.1666/0094-8373(2004)030<
0347:LPEATE>2.0.CO;2)
48. Lyson TR et al. 2019 Exceptional continental record
of biotic recovery after the Cretaceous–Paleogene
mass extinction. Science 366, 977–983. (doi:10.
1126/science.aay2268)
49. Tiffney BH. 2004 Vertebrate dispersal of seed plants
through time. Annu. Rev. Ecol. Evol. Syst. 35, 1–29.
(doi:10.1146/annurev.ecolsys.34.011802.132535)
50. Wing SL, Harrington GJ, Smith FA, Bloch JI, Boyer
DM, Freeman KH. 2005 Transient floral change and
rapid global warming at the Palaeocene-Eocene
boundary. Science 310, 993–996. (doi:10.1126/
science.1116913)
51. Zachos J, Pagani M, Sloan L, Thomas E, Billups K.
2001 Trends, rhythms, and aberrations in global
climate 65 Ma to present. Science 292, 686–693.
(doi:10.1126/science.1059412)
52. Szalay FS, Decker RL. 1974 Origins, evolution, and
function of the tarsus in Late Cretaceous Eutheria
and Palaeocene primates. In Primate locomotion
(ed. FAJ Jenkins), pp. 223–259. Amsterdam, The
Netherlands: Elsevier.53. Szalay FS. 1984 Arboreality: is it homologous in
metatherian and eutherian mammals? In Evolutionary
biology, vol. 18 (eds MK Hecht, B Wallace, GT Prance),
pp. 215–258. Boston, MA: Springer.
54. Wilson GP, Evans AR, Corfe IJ, Smits PD, Fortelius M,
Jernvall J. 2012 Adaptive radiation of multituberculate
mammals before the extinction of dinosaurs. Nature
483, 457–460. (doi:10.1038/nature10880)
55. Wilson GP. 2014 Mammalian extinction, survival,
and recovery dynamics across the Cretaceous-
Paleogene boundary in northeastern Montana, USA.
Geol. Soc. Am. Spec. Pap. 503, 365–392. (doi:10.
1130/2014.2503(15)
56. Bentzinger CF, Wang YX, Rudnicki MA. 2012
Building muscle: molecular regulation of
myogenesis. Cold Spring Harb. Perspect. Biol. 4,
a008342. (doi:10.1101/cshperspect.a008342)
57. DiGirolamo DJ, Kiel DP, Esser KA. 2013 Bone and
skeletal muscle: neighbors with close ties. J. bone
Miner. Res. 28, 1509–1518. (doi:10.1002/jbmr.1969)
58. Retallack GJ. 2001 Cenozoic expansion of grasslands
and climatic cooling. J. Geol. 109, 407–426. (doi:10.
1086/320791)
59. O’Leary MA et al. 2013 The placental mammal
ancestor and the post-K-Pg radiation of placentals.
Science 339, 662–667. (doi:10.1126/science.1229237)
